1. Introduction {#sec0001}
===============

Adolescence is a critical period for the onset of depressive disorders, with 14 percent of males and 28 percent of females experiencing a depressive episode by age 18 ([@bib0016]). Subclinical or subthreshold depressive symptoms (StD) are frequent in adolescence ([@bib0035]), with a lifetime prevalence as high as 26 percent ([@bib0012]). Despite not meeting diagnostic criteria, StD can be distressing and impairing, are related to functional impairment and suicidality ([@bib0003]), and onset of depression in adulthood ([@bib0035]). An improved understanding of the neurobiology of StD in adolescence could lead to early detection mechanisms to reduce burden of disease in these individuals, and reduce risk for conversion to major depressive disorder (MDD), which is a leading cause of disability, globally.

Structural neuroimaging studies have attempted to identify biomarkers of MDD. Meta-analyses, which largely include adults, have reported reduced volume of subcortical grey matter (GM) structures, including the hippocampus ([@bib0001]; [@bib0040]), thalamus and basal ganglia ([@bib0018]). These findings are also reported in studies specific to children and adolescents. For example, pediatric MDD has been associated with smaller volume of the hippocampus, particularly on the left ([@bib0006]; [@bib0026]; [@bib0027]), right striatum ([@bib0029]), and bilateral amygdala ([@bib0039]), although the amygdala finding is sometimes absent ([@bib0027]) or greater than healthy controls ([@bib0028]).

Fewer neuroimaging studies have been performed in StD, but some studies report reduced volume in subcortical regions in adults. For example, one study found adults with StD had decreased GM volume in the bilateral globus pallidus and increased GM volume in the left thalamus, which correlated with symptom severity ([@bib0023]). Another study found StD was associated with reduced volume of the hippocampus only in males ([@bib0043]). [@bib0022] found that in 20-year-old women, StD was associated with increased left amygdala volume.

Very few studies have examined the impact of StD on subcortical GM in youths. [@bib0045] found that adolescents aged 16 with StD had smaller caudate volumes at age 14 compared to healthy controls. Studies of adolescents at risk for developing MDD have also reported subcortical GM abnormalities. For example, girls aged 9--15 years at high familial risk but who had not experienced onset of MDD were found to have reduced hippocampal volume ([@bib0007]) compared to a low-risk group.

Morphology, or shape analysis, of subcortical structures may be more sensitive than measurements of volume, as it provides localized regions of shape changes, whereas volume only provides a single value for an entire structure, hence less information. E.g. [@bib0050] did not find volumetric differences between adults with first-episode MDD and healthy controls, but they did find significant inward contractions, predominantly in the cornu ammonis (CA1) and subiculum in the bilateral hippocampi in the MDD group. Other studies in adults have also reported bilateral morphological changes in hippocampal sub-regions including the subiculum and CA1, in adults with acute MDD ([@bib0008]) and at five-year follow-up after a first episode ([@bib0017]). Hippocampal shape differences in adolescents with early-onset depression have also been reported ([@bib0038]). The only study to examine subcortical morphology as it related to MDD in structures other than the hippocampus, is [@bib0024]. These researchers found regionally contracted areas of the ventromedial and dorsolateral bilateral putamen, and dorsal and ventral areas of the left thalamus in adults with first-episode MDD.

Analysis of subcortical morphology can capture localized variations of the structures, including functionally distinct subregions, and could enlighten discrepant findings in the literature. While morphology and volume of the hippocampus and to a lesser extent the amygdala have been studied in MDD, we aimed to extend our analysis to the basal ganglia, given the importance of these regions in reward, and known reward processing deficits in MDD. We also attempted to extend the finding of contracted thalamus in first-episode MDD by Lu et al. to our sample of youths. As such, our study was the first to examine the relationship between StD and multiple subcortical surface shapes in adolescents. We hypothesized that StD would be negatively associated with volume and morphology (i.e. greater StD would be associated with lower volume and more inward surface contractions compared to the population average) of subcortical GM. Given sexual dimorphisms in subcortical structural maturation patterns ([@bib0014]), stress-related changes in brain morphology ([@bib0031]), that females are almost twice as likely to develop MDD than males ([@bib0019]), and that differences in the prevalence of clinical and StD emerge following puberty ([@bib0003]), we tested this hypothesis separately in males and females.

2. Methods {#sec0002}
==========

2.1. Participants {#sec0003}
-----------------

Participants comprised 277 youths from the greater Chicago community. Exclusion criteria were: history of prescription medication during the prior three months, chronic medical or psychiatric illness, infectious disease during the past two weeks, and current pregnancy. A parent or caregiver completed interviews about their youth.

Youths completed an MRI scan at Northwestern University. Of the 277 youths enrolled, the final analytic sample was 256. Fifteen individuals were too obese or anxious or could not schedule a scan. Visual inspection of FreeSurfer parcellations of T1 images resulted in exclusion of individuals due to poor segmentations (3 female, 2 male), and presence of agenesis of the corpus callosum (1 female). Demographic information is displayed in [Table 1](#tbl0001){ref-type="table"}. As expected, compared to males, female youth had significantly smaller intra-cranial volume and were at a more advanced pubertal stage, providing further justification for examining males and females separately.Table 1Demographic characteristics of the sample.Table 1Male (*n* = 96) Mean (SD) or nFemale (*n* = 160) Mean (SD) or nstatisticAge in years13.90 (0.49)13.92 (0.56)*t*(254)=0.40, *p*= .691Caucasian (n)Yes = 42, No = 54Yes = 62, No = 98χ^2^ (1)= 0.62, *p*= .43Hispanic (n)Yes = 32, No = 64Yes = 48, No = 112χ^2^ (1)= 0.31, *p*= .58Puberty category (n)pre-pubertal= 1pre-pubertal= 0χ^2^ (4)= 98.65, *p*\< .001early pubertal= 10early pubertal= 0mid-pubertal= 59mid-pubertal= 21late-pubertal= 24late-pubertal= 104post-pubertal= 2post-pubertal= 35Intracranial Volume (cms^3^)1619.10 (134.74)1464.73 (120.91)*t*(254)=−9.47, *p*\< .001Disadvantage0 = 380 = 57χ^2^ (4)= 2.82, *p*= .5891 = 231 = 372 = 122 = 263 = 143 = 174 = 94 = 23RCADS MDD T (Winsorized)45.66 (10.01)47.58 (9.58)*t*(254)=1.53, *p*= .128RCADS Anxiety T (Winsorized)[1](#tb1fn1){ref-type="table-fn"}46.54 (10.32)45.75 (9.52)*t*(254)=−0.62, *p*= .538[^1][^2]

2.2. Measures {#sec0004}
-------------

The short version of the Revised Children\'s Anxiety and Depression Scale (RCADS) ([@bib0011]) is a 25 item self-report measure. Higher scores indicate worse symptoms. Subscales measure symptoms of Anxiety and Major Depressive Disorder (MDD). T scores (adjusted for gender and grade) of the MDD scale were used to measure StD. Three values greater than 3 standard deviations (SD) from the mean were Winsorized ([@bib0010]) to the highest value within three SDs. These outliers can be seen in [Fig. 1](#fig0001){ref-type="fig"}. As axis I diagnoses were exclusion criteria, we consider these symptoms subthreshold. However, following Winsorization, 8 of 256 individuals scored slightly above the RCADS-25 clinical threshold (70) with T scores of 70.55 (3), 72.73 and 72.86 (4).Fig. 1Histogram of RCADS-MDD by gender, showing three outliers (three rightmost observations) that were Winsorized to the next highest value within 3 standard deviations for that gender.Fig 1

Parents of youths completed the MacArthur Sociodemographic Questionnaire ([@bib0042]), an 11 item self-report measure of socio-economic status (SES)*.* From five of these items, a composite socioeconomic *Disadvantage* score was calculated which taps concrete exposures related to low SES. One point is received for the presence of each of the following: low household income, parent(s) have a high school education or less, parental unemployment, single parent household, and receipt of government assistance.

Following an overnight fast, venous blood was drawn from youths into a Serum Separator Tube (Becton-Dickinson) by antecubital venipuncture. five biomarkers of low-grade inflammation were measured: C-reactive protein (CRP), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin10 (IL-10), and tumor necrosis factor-α (TNF-α). For full methodological details please see Supplemental material. Raw values of each marker were log-10 transformed. Logged values were converted into z-scores, and averaged into a low-grade inflammation composite, following previous research.

2.3. Image acquisition and surface mapping {#sec0005}
------------------------------------------

T1-weighted Magnetization prepared rapid gradient echo (MPRAGE) images were acquired (TR= 2300, TE= 1.91, TI= 1100, voxel size= 0.80 isotropic, acquisition matrix= 320×320, field of view= 256×256, flip angle= 7) on a 3T Siemens Prisma scanner at the Center for Translational Imaging at Northwestern University. Surfaces of seven ROIs (bilateral hippocampus, amygdala, nucleus accumbens, caudate, putamen, pallidum and thalamus) were automatically generated for each participant using the FS+LDDMM pipeline ([@bib0020]). This combines FreeSurfer\'s (FS) probabilistic voxel-based classification and a deformable, high dimensional template-based method of large deformation diffeomorphic metric mapping (LDDMM) ([@bib0004]). FS (version 5.3) subcortical labeling obtained the initial subcortical segmentations. This was followed with image alignment and intensity normalization with LDDMM ([@bib0004]), which produces smooth transformations for each region of interest (ROI). In previous research ([@bib0009]) we have established that diffeomorphic mapping of structural MRI resulted in reliable and valid maps between anatomical atlases and participant scans, with sub-mm precision. Furthermore, we have demonstrated valid and reliable surface-based representations of anatomical structures based on these maps, which produced disease-specific biomarkers of deformation patterns (e.g. [@bib0009]; [@bib0047], [@bib0048]).

2.4. Subcortical surface processing {#sec0006}
-----------------------------------

Each subcortical surface was visually inspected, then rigidly registered to atlas space to calculate a population average. For each participant, local shape variation was calculated from the population average (all participants) by quantifying the perpendicular amplitude between surfaces at a vertex-to-vertex level. Quantification of perpendicular change between surfaces was assigned a positive (outward variation from population average) or negative (inward variation) value. For each ROI, shape variation values at each vertex were also summed across the whole surface to calculate overall volume for each participant for each ROI, utilizing the volume enclosed within the surfaces.

2.5. Statistical analyses {#sec0007}
-------------------------

Associations between RCADS MDD T score (RCADS-MDD) and volume of subcortical regions were examined in linear regression models. Associations between RCADS-MDD and local shape variation of subcortical regions in surface-based analyses were performed using SurfStat (<http://www.math.mcgill.ca/keith/surfstat>) implemented in MATLAB. Morphometric changes were regressed onto RCADS-MDD to localize significant regions of local shape variation. Regions showing a positive association with StD are regions where higher StD is associated with outward shape variation from the population average. Regions of negative association with StD are regions where higher StD is associated with inward shape variation from the population average. Separate models were tested for each ROI. To test whether the pro-inflammatory cytokine composite mediated the relationship between RCADS-MDD and morphology, we used the PROCESS module implemented in SPSS. Age, puberty status (from the Pubertal Development Scale ([@bib0034])), total intracranial volume (ICV, estimated by FS) and socioeconomic disadvantage were covaried in all volumetric and surface analyses. Race is not typically included as a covariate in similar studies, and we expected any variance related to race to be mostly explained by SES and ICV. To confirm, we included race and ethnicity as covariates in analyses and the pattern of results did not alter, therefore we did not further consider race or ethnicity in analyses.

To account for multiple comparisons, Random Field Theory (RFT) was applied using SurfStat. RFT considers both peaks and spatial extent by modeling noise as Gaussian random fields. This approach provided significant clusters of vertices (vertices *p*\< .01) at the family-wise error rate (FWER) of *p*\< .05 across each ROI. We additionally used FWER correction to account for the seven ROIs, thus results for each ROI are significant at the FWER corrected *p*\< .007. Significance was visualized as a color map on the overall average surface.

3. Results {#sec0008}
==========

An independent samples *t-*test found that RCADS-MDD did not differ between males and females ([Table 1](#tbl0001){ref-type="table"}, [Fig. 1](#fig0001){ref-type="fig"}).

3.1. RCADS-MDD and volume {#sec0009}
-------------------------

Mean subcortical volumes for males and females are reported in [Table 1](#tbl0001){ref-type="table"}. [Table 2](#tbl0002){ref-type="table"} summarizes results of the volume regressions. In females, there was a significant association between RCADS-MDD and volume of the left and right amygdala, and the left thalamus. There were trending values for the left and right hippocampi. For males, there was a significant association between RCADS-MDD and left putamen volume. In all cases the standardized regression coefficients were positively signed, indicating that as RCADS-MDD increased, so did the volume of the bilateral amygdala and left thalamus in females, and the left putamen in males.Table 2Linear regressions of subcortical volume onto RCADS-MDD, separately for males and females.Table 2MalesFemalesStructurehemFull model[†](#tb2fn2){ref-type="table-fn"} R^2^MDD BMDD SE (B)MDD βMDD pFull model[†](#tb2fn2){ref-type="table-fn"} R^2^MDD BMDD SE (B)MDD βMDD pHippocampusL.413.231.99.14.109.462.751.45.11.061R.420.442.12.02.838.413.211.68.12.058AmygdalaL.351.881.25.13.135**.412.030.86.15.020**[⁎](#tb2fn1){ref-type="table-fn"}R.35−0.411.28−0.03.750**.372.380.97.16.016**[⁎](#tb2fn1){ref-type="table-fn"}CaudateL.541.843.05.05.548.480.622.19.02.778R.472.443.40.06.475.43−0.132.33\< −0.01.957NAccL.470.240.35.06.492.370.350.29.08.231R.37−0.150.44−0.03.737.320.450.33.09.173PallidumL.391.451.62.08.372.510.161.04.01.881R.401.601.61.09.323.55−0.150.96−0.01.878Putamen**L.398.183.86.18.037**[⁎](#tb2fn1){ref-type="table-fn"}.420.212.63.01.935R.357.244.31.15.097.46−0.382.71−0.01.888ThalamusL.587.904.49.13.082**.576.323.08.11.042**[⁎](#tb2fn1){ref-type="table-fn"}R.603.493.96.06.380.564.832.79.09.086[^3][^4][^5]

3.2. RCADS-MDD and morphology {#sec0010}
-----------------------------

[Figs. 2](#fig0002){ref-type="fig"} and [3](#fig0003){ref-type="fig"} show the morphological results for males and females, respectively. Warm colors indicate regions where RCADS-MDD is positively associated with local shape variation (i.e., more MDD symptoms are associated with more outward local shape variation), and cool colors indicate areas where it is negatively associated with local shape variation (i.e., more MDD symptoms related to more inward local shape variation).Fig. 2Regression of local shape variation onto RCADS-MDD for males (*n* = 96) with age, puberty category, intracranial volume and socioeconomic disadvantage as covariates. *Note*. A=anterior, I=inferior, P=posterior, S=superior, L=left, R=right. Regions in green do not have any significant association with RCADS-MDD.Fig 2Fig. 3Regression of local shape variation onto RCADS-MDD for females (*n* = 160) with age, puberty category, intracranial volume and socioeconomic disadvantage as covariates. *Note*. A=anterior, I=inferior, P=posterior, S=superior, L=left, R=right.Fig 3

In males, positive associations between morphology and RCADS-MDD were found in the lateral putamen bilaterally and in the dorsal and anterior putamen in the left hemisphere. Positive associations were also found in the left anterior hippocampal head, superolateral thalamus, and caudate head. There was a negative association in the left ventral caudate body.

In females, there was a positive association between morphology and RCADS-MDD in the left posterior-inferior subiculum of the hippocampus and the right superior-anterior amygdala. There was a negative association in the left superior-anterior hippocampal tail.

3.3. Mediation by inflammation {#sec0011}
------------------------------

Mediation analysis did not find any significant indirect effect of the cytokine composite on the relationship between RCADS-MDD and any measure of volume or mean morphology of any ROI [(see Table 3)](#tbl0003){ref-type="table"}.Table 3Mediation analysis: Summary of non-significant indirect effects of morphology (per ROI) on RCADS-MDD through inflammation composite.Table 3GenderROIdirectionEffectBoot SELLCIULCIMalehippocampusoutward0.470.64−0.691.87thalamusoutward0.44−0.73−0.731.11caudateoutward0.100.38−0.591.01caudateinward−0.760.83−2.850.39putamenoutward0.440.59−0.471.81Femaleamygdalaoutward−0.010.27−0.570.58hippocampusoutward−0.110.26−0.720.35hippocampusinward−0.060.36−0.880.65[^6]

4. Discussion {#sec0012}
=============

We examined the relationship between StD and subcortical structural volume and morphology in adolescents. Our hypothesis of negative associations between RCADS-MDD and volume and morphology of the ROIs was largely not supported, although local regions of the hippocampus in females and caudate in males did show negative associations. Predominantly, we found volume and outward morphology were positively associated with higher StD. This relationship was not mediated by inflammation. While most literature reports negative associations between StD and volume and GM morphology, we describe recent evidence consistent with our findings. Potential mechanisms of the morphological changes are discussed in relation to clinical characteristics.

StD was positively associated with volume of the right amygdala. These results support findings of increased amygdala volume in 20-year-old females with StD ([@bib0022]), adults with first-episode MDD ([@bib0013]), and female adolescents ([@bib0052]). Meta-analyses have suggested antidepressant ([@bib0015]) and antipsychotic medications ([@bib0040]) relate to increased subcortical volumes in MDD. However, amygdala volume correlates with depression in first-episode, medication-naïve patients ([@bib0044]), and in the present study, previous psychiatric history and taking prescription medication within the past three months were exclusion criteria. Therefore, the present results cannot be explained by medication effects.

Consistent with our putamen finding, [@bib0041] reported that adolescents with MDD had larger volume of the putamen and pallidum than healthy controls. The same study however, reported lower volume of the bilateral caudate and thalamus in MDD patients, although when they covaried for SES, their results lost significance ([@bib0041]). A study of adults with StD found smaller volume of the bilateral thalamus ([@bib0051]), contrary to our thalamic finding in males here. Our observed positive associations between volume and StD contrast reports of decreased subcortical volumes in pediatric MDD ([@bib0006]; [@bib0029]; [@bib0039]) and meta-analyses of studies primarily or solely comprised of adults, in the basal ganglia ([@bib0001]; [@bib0018]; [@bib0021]), thalamus ([@bib0018]), hippocampus ([@bib0018]; [@bib0021]) and amygdala ([@bib0005]). However, a recent meta-analysis of first-episode medication-naïve patients with MDD found increased GM in the right putamen and bilateral thalamus ([@bib0049]). Thus, additional research is required to elucidate the relationship between StD and subcortical GM.

The lack of regional overlap in the morphology findings between males and females was striking. In males, positive associations between morphology and StD were observed in the bilateral putamen, left caudate, hippocampal head, and lateral thalamus. In contrast, for females, positive associations were found in the left posterior hippocampus and right amygdala. Males and females showed negative associations in the left caudate and left hippocampus, respectively. The males and females in this study did differ significantly in pubertal stage, to be expected at this age, however we included pubertal status as a covariate in all models. The different pattern of results for males and females could be due to differences in the biological effects of gonadal hormones on brain development.

The hippocampus showed regions of positive associations with StD in both males and females, but there was also a negative association in the left hippocampus tail in females, partly in line with our hypothesis. That we found this effect in females only could reflect the increased vulnerability of females to mood disorders ([@bib0019]). This negative hippocampal association supports previous studies in adults with MDD that have reported inward contractions in the hippocampus, including the left or bilateral tail ([@bib0008]; [@bib0017]; [@bib0036]; [@bib0050]). Only one morphological study of subcortical GM as it relates to MDD has been reported in adolescents, which reported shape differences in the putamen and hippocampus between MDD patients and controls ([@bib0038]). The only other area of inward contraction we observed was in the left caudate for males, not supporting [@bib0024] who found inward contractions of the putamen and thalamus. However, that study was of adults with first-episode MDD, and as discussed next, clinical characteristics such as disease state and course are important to consider.

Researchers have attributed the structural alterations associated with MDD, particularly of the hippocampus and amygdala ([@bib0025]) to stress, as it\'s one of the strongest predictors of MDD. Chronic stress produces prolonged activation of the hypothalamic-pituitary-adrenal (HPA) axis ([@bib0025]), involving the same pathophysiological process as inflammation ([@bib0054]). However, mediation analysis did not find that our pro-inflammatory cytokine composite mediated the relationship between RCADS-MDD and morphology, thus an alternative explanation is required.

Evidence that our results reflect a preclinical stage comes from research that has considered disease course. A recent study ([@bib0053]) found amygdala volume increased only in adults with a mild course of depression (0--1 episodes over a 3-year follow-up) compared with those with a severe course (\>1 episode). Some researchers argue that initial MDD episodes are associated with increased amygdala volume that decreases following repeated episodes ([@bib0030]; [@bib0032]). A risk-enriched longitudinal study of adolescents ([@bib0052]) found that first-episode MDD was associated with attenuated reduction in putamen volume over four years, with attenuated growth of the hippocampus in males and accelerated growth of the amygdala in females. Whittle et al. suggested these abnormal developments may represent a vulnerability for MDD, and reflect a departure from the normative pattern of development, both growth and volume reduction, potentially due to lack of synaptic pruning or myelination. Similarly, [@bib0033] found that internalizing and externalizing problems were related to attenuated increases in subcortical volume in a non-clinical sample of 8-year-old children measured over two years. Thus, our results may reflect an alteration in the normal pattern of development of subcortical regions associated with StD.

Our study is the first to our knowledge to report positive associations between subthreshold depressive symptoms and subcortical volume and outward morphology in adolescents. However, antidepressant treatment has been reported to normalize reduced hippocampal volume in MDD ([@bib0002]). Further, increases in basal ganglia volume and local outward increases of morphometry differentiate treatment responders to ECT from non-responders ([@bib0046]). Thus, it\'s possible the positive associations between StD and morphology reflect intact plasticity and neurogenesis, and/or resilience to depression.

The present study was cross-sectional, and such a design does not allow inferences about causality or developmental trajectories. Future longitudinal research is needed. We restricted our analysis to subcortical regions, and cortical regions also play a role in MDD and emotion regulation, and consistent with our results, research has reported increased cortical thickness in untreated MDD ([@bib0037]). There is a lack of dimensional studies of StD examining subcortical volume and morphology; out of necessity our hypotheses had to be based on categorical studies comparing patients with StD or active MDD to healthy controls. An even greater lack of such studies in adolescents exists, and consequently we had to rely on adult literature, however, the participants in our study were 14 years of age and therefore still undergoing neurodevelopment of subcortical structures ([@bib0014]). Studies of StD differ in their definition of StD, with some including participants who scored within a mid-range on questionnaire measures of symptoms ([@bib0022], [@bib0023]), or who reported at least three of the DSM criteria ([@bib0045]). Most similar to the present study, some included participants scoring anywhere within the full sub-clinical range ([@bib0043]). Thus, it\'s possible that our participants may have had less severity of depressive symptoms than some previous studies. Future RDoC-inspired studies like the present one will be useful to confirm our findings.

This is the first study to report primarily positive associations between StD, volume and outward morphology in youths. Future longitudinal research, ideally utilizing dimensional measures, will further our understanding of the neurobiology of StD.
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=================================

Image, application 1

This study was funded by NHLBI (PI: Miller) R01 HL122328, and funded in part by NIH grant R01 EB020062, NSF grants 1734853 and 1636893. Supported by a NARSAD Young Investigator Grant from the Brain & Behavior Research Foundation, 24778.

Supplementary material associated with this article can be found, in the online version, at [doi:10.1016/j.nicl.2020.102187](https://doi.org/10.1016/j.nicl.2020.102187){#interref0002}.

[^1]: Note.

[^2]: One value for the RCADS Anxiety T score was Winsorized to be within 3SD of the mean.

[^3]: *Note*.

[^4]: *p* \< .05 (bold-face), RCADS-MDD= Major Depressive Disorder score on the Revised Children\'s Anxiety and Depression Scale.

[^5]: Full models include covariates age, Puberty category, intracranial volume (cms^3^), and socioeconomic Disadvantage, and are reported in Supplemental eTables 2 and 3.

[^6]: *Note.* RCADS-MDD= Major Depressive Disorder score on the Revised Children\'s Anxiety and Depression Scale, ROI= region of interest, Boot SE= bootstrap standard error, LLCI= lower limit confidence interval, ULCI= upper limit confidence interval.
